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j.2013.05Abstract Finite element modeling (FEM) is considered a famous method belonging to the numer-
ical simulation methods. First it is a dominant technique in structural mechanics. Hence, this paper
is focused on the effect of feed rate (f) on surface roughness (Ra) and cutting force components
(Fc,Ft) during the face-milling operation of the titanium alloy (Ti–6Al–4V). The design of experi-
ments was used to conduct the experiments to evaluate the effect of the feed rate on the machining
responses such as surface roughness and cutting force components using a face milling operation
during the cutting process of the titanium alloy (Ti–6Al–4V). The tests are performed at several feed
rates (f) while the axial depth of the cut and cutting speed remain constant in dry cutting conditions.
The results showed that one could predict the surface roughness by measuring the feed cutting force
instead of directly measuring the surface roughness experimentally through using the ﬁnite element
method to build the model and to predict the surface roughness from the values of the feed cutting
force. This is because a similar trend was found between the surface roughness and feed cutting
force. Therefore, constructing a prediction model via ﬁnite element modeling (FEM) led to the con-
clusion that we can estimate feed cutting force and thus surface roughness.
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Titanium alloy (Ti–6Al–4V) is often used extensively in aero-
space because of its excellent combination of high-speciﬁc
strength, which is maintained at elevated temperature, excep-
tional resistance to corrosion, and its fracture resistant charac-
teristics. Milling of titanium alloy (Ti–6Al–4V) is widely
applied in the aerospace industry. Its application is also
increasing in other industrial and commercial applications,
such as military, medical and racing [1].ction and hosting by Elsevier B.V. All rights reserved.
Nomenclature
A initial yield stress (MPa)
B hardening modulus (MPa)
C strain rate dependency coefﬁcient (MPa)
CoF coefﬁcient of friction
d1. . .d5 coefﬁcients of Johnson–Cook material shear fail-
ure initiation criterion
d depth of cut (mm)
f feed rate (mm/min)
Fc cutting force (N)
Ft feed force (N)
FEM ﬁnite element modeling
J–C Johnson–Cook
m thermal softening coefﬁcient
n work-hardening exponent
vc cutting speed (m/min)
c rake angle (deg)
a clearance angle (deg)
l CoF
r ﬂow stress
_eq strain
_e0 reference strain rate (1/s)
rq pressure stress
re stress (Von-Mises)
rpm rev/min
Ra surface roughness
Rz nose radius
T temperature
264 M.H. Ali et al.The high-speed machining processes are of growing indus-
trial interest [2]. This is not only because they allow for larger
material removal rates, but also because they may positively
inﬂuence the properties of the ﬁnished work-piece material
[3]. The speciﬁc cutting force for most materials strongly
decreases with increasing cutting speeds and then reaches a
plateau [4,5].
Simulation models are very important in the machining
process as comprehension and for the reduction of experi-
mental tests necessary for the optimization of tool geome-
tries, cutting conditions and other parameters like the
choice of the tool material and coating thus, a ﬁner simula-
tion enables good predictions in the cutting force, stress
and strain distribution. This will contribute to cost reductions
for the machining process optimization that are still experi-
mentally done and thus expensive [6]. Therefore, researchers
are focusing on modeling and simulation techniques to pre-
dict and optimize certain machining parameters such as the
cutting force, surface roughness, stress–strain analysis and
others. These techniques do not need to perform many exper-
imental tests that will cost a lot of money and are time con-
suming [7]. Besides that, researchers are usually seeking to
use a wide range of tools and techniques to ensure that the
designs they have created are safe. However, accidents some-
times could happen when they work in factories or laborato-
ries. Industries need to know whether a product failed
because the design was inadequate or due to another cause
such as human error. Nevertheless, they have to ensure
that the product works well under a wide range of condi-
tions and try to avoid failure due to any cause. In this re-
spect, ﬁnite element modeling (FEM) could help to avoid
failure. FEM is a very important technique for estimating
stress–strain analysis because it can produce very accurate
results.
In modeling of plastic material ﬂow, there are two basic ap-
proaches for assigning elements as follows [8]:
(1) Fixing the elements in space and allowing the material to
ﬂow through them (Eulerian technique).
(2) Dividing the material into elements that move with the
ﬂow (Lagrangian technique).The Johnson–Cook constitutive model of titanium alloy
(Ti–6Al–4V) had been established earlier. The cutting process
of the titanium alloy (Ti–6Al–4V) was estimated by using the
ﬁnite element model (FEM) with an orthogonal cutting pro-
cess. However, in the simulation process, the Johnson–Cook
model is considered to show adiabatic effect during the cutting
simulation process [9].
The main objective of this research work was to predict sur-
face roughness (Ra) with effective feed rate of the cutting force
components (Fc,Ft) and surface ﬁnish during the face-milling
operation of the titanium alloy (Ti–6Al–4V). Hence, a predic-
tive model was developed by using the ﬁnite element modeling
(FEM) under dry cutting conditions when using machining
parameter variables such as feed rate, cutting speed and depth
of cut.
Machining feed rate
The machining feed rate is a velocity at which the cutter is fed.
It is advanced against the work-piece material [10]. The feed
rate is dependent on the following factors:
 Tool types.
 Surface ﬁnish.
 Power available at the spindle.
 Tooling setup and rigidity of the machine.
 Work-piece material strength.
 Work-piece material machinability.
The feed rate is considered as a very important parameter
which produces an effect on the machining process and thus
on the best surface ﬁnish of the products. For a milling
machine where multi-tipped/multi-ﬂuted cutting tools are
involved, the desirable feed rate becomes dependent on the
number of teeth on the cutter in addition to the desired amount
of material per tooth to cut. The greater the number of cutting
edges, the higher the feed rate permissible for a cutting edge to
work. Then, efﬁciently it must remove sufﬁcient material to cut
rather than rub [11]. This could be due to the increase of
rubbing of the tool surface with the work-piece material near
the tool edge, which causes larger heat generation.
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Work-piece material and cutting tools
Face milling tests were performed using a CNC milling ma-
chine (OKUMAMX-45V) under dry cutting conditions. TheseTable 1 Chemical composition of the titanium alloy (Ti–6Al–
4V).
Material Ti% Al% V% Fe% O% C% N%
Ti–6Al–4V Balance 6.01 3.87 0.18 0.14 0.009 0.006
Table 2 Machining parameters.
Rake
angle,
c (deg)
Clearance
angle,
a (deg)
Cutting
speed,
vc (rpm)
Depth of cut,
d (mm)
Feed
rate,
f (mm/min)
0 11 1000 0.6 80
120
160
Fig. 1 Experimental setup for face-milling operation.
Table 3 The experimental results while the depth of cut and cuttin
Machining tests
process
Feed rate,
f (mm/min)
Main cutti
force, Fc (N
Experiment 1 80 513.31
Experiment 2 120 565.92
Experiment 3 160 621.22tests were conducted on 100 mm · 100 mm square blocks of
titanium alloy (Ti–6Al–4V) whose chemical composition is
listed in Table 1. A standard face-milling cutter from the Ken-
nametal manufacturers with the selected rake angle of 0 and
clearance angle of 11 was used in the parametric study with
uncoated carbide (K313) inserts. The cutting edge radius of
the carbide inserts was measured to be Rz = 0.8 mm with a
cutting width of 12.7 mm.
Measurement devices
The surface roughness (Ra) was measured using a portable
roughness tester model TR200. It is used to measure the ma-
chined surface roughness at each cutting pass during the exper-
iments. On the other hand, the cutting force components on
the work-piece of titanium alloy (Ti–6Al–4V) are measured
by using (Kistler, Type-5070A) dynamometer. The force sig-
nals were processed by using the 4-channel charge ampliﬁer
and recorded by a PC-based data acquisition system.
Experimental setup
The milling operation of the experiments was performed with a
dry cutting condition based on the FEM process. The cutting
speed (vc) was 1000 rpm, the depth of cut (d) was 0.6 mm and
the feed rates (f) were 80, 120 and 160 mm/min. Besides that,
the length of cut was 70 mm. The cutting conditions are sum-
marized in Table 2 and the setting of the operation in Fig. 1.
Experimental results
The experimental results are shown in Table 3. The surface
roughness of the work-piece of the titanium alloy (Ti–6Al–
4V) was measured by using a portable tester model TR200
and tabulated in Table 3.
Finite element modeling for titanium alloy (Ti–6Al–4V)
In this study, the orthogonal cutting process by using FEM
was carried out. The module was extensively used in the
orthogonal cutting process based on Pittala` and Monno [12]
who used it in a face milling operation of aluminum. The
work-piece of titanium alloy (Ti–6Al–4V) and tool geometry
of uncoated cemented carbide milling insert have been de-
signed into ABAQUS/EXPLICIT software. The cutting simu-
lation process is led to provide some information about the
machining behavior of the titanium alloy (Ti–6Al–4V) at sev-
eral feed rates while the depth of the cut and cutting speed were
held constant. The cutting force components (Fc,Ft) which will
give the output test results from FEM are deliberated in the
discussion section. The FEM permits to obtain a similar trendg speed were held constant.
ng
)
Feed cutting
force, Ft (N)
Surface roughness,
Ra (lm)
85.45 0.167
64.45 0.094
128.17 0.267
Fig. 2 Meshing elements of work-piece material for titanium alloy (Ti–6Al–4V) and tool geometry.
Table 4 Constant parameters for the Johnson–Cook material
model of (Ti–6Al–4V) [16].
Cutting constant Values
A (MPa) 987.8
B (MPa) 761.5
n 0.41433
m 1.516
C 0.01516
Reference strain rate (1/s) 2000
Young’s modulus (GPa) 113.8
Poisson’s ratio 0.342
Melting temp. (C) 1605
Density (kg/m3) 4428
266 M.H. Ali et al.between feed cutting force and surface roughness at different
feed rates.
Work-piece material and tool geometry modeling
The model of FEM is applied by using ABAQUS/EXPLICIT
software. A two-dimensional fully thermo-mechanically cou-
pled implicit with an orthogonal cutting process is developed
[13]. The work-piece of titanium alloy (Ti–6Al–4V) with a
dimension of 60 mm · 100 mm with a square tool of uncoated
cemented carbide is used. In addition, an accurate mesh was
applied at the contact surface between the cutting of the tool
edge and the work-piece. The primary and secondary shearTable 5 Simulation results estimated by using FEM.
Tests number Cutting speed, vc (rpm) Depth, d (mm) Feed rate, f
1 1000 0.6 20
2 40
3 60
4 80
5 120
6 160
7 200
8 240
9 280
10 300zone deformation was created there and the outcome conﬁg-
ured of the chip formation. The total number of elements uti-
lized is approximately about 11,286. The number of nodes is
11,512 and the total number of variables in the model is about
23,026. The mesh of work-piece used to be approximately the
element size of 0.05 lm and cutting tool geometry was meshed
with the minimum element size of 0.2 lm as shown in Fig. 2.
The machining parameters were applied in the simulation
of the Johnson–Cook plasticity model for work-piece of tita-
nium alloy (Ti–6Al–4V) as shown in Eq. (1). Therefore, the
failure parameters d1 to d5 were acquired from Lesuer [14].
Where: d1 = 0.09, d2 = 0.25, d3 = 0.5, d4 = 0.014, and
d5 = 3.87. Besides that, the failure strain ef is detailed in Eq.
(2) as shown below:
r ¼ Aþ Benq
 
ð1þ Clnð_e= _e0ÞÞ 1 T Tr
Tm  Tr
m  
ð1Þ
ef ¼ d1 þ d2ed3 rq=reð Þ
 
1þ d4 ln ð _ep= _e0Þð Þ 1þ d5 T Tr
Tm  Tr
  
ð2Þwhere r is ﬂow stress, ep and _e are strain and strain rates,
_e0 is the reference strain rate (1/s) and n, m, A, B and C are
constant parameters for the Johnson–Cook material model
as shown in Table 4. _ep=_e0 as a function of non-dimensional
plastic strain, a dimensionless pressure stress ratio ðrq=reÞ
(where rq is the pressure stress and re is the stress (Von-
Mises)) [15].(mm/min) Main cutting force, Fc (N) Feed cutting force, Ft (N)
253.65 60.57
266 67.34
443.20 106.57
515.04 89.63
553.35 64.48
612.81 128.39
662.65 136.10
693.31 87.08
717.03 127.36
841.94 162.19
Effect of feed rate on suface roughness in face milling of titanium alloy 267Simulated test
Ten tests of machining simulation were carried out at several
feed rates (f) while the cutting speed (vc) and depth of cut (d)
remained constant. The main cutting force (Fc) and feed cut-
ting force (Ft) were recorded. Their values were calculated by
using ﬁnite element modeling of the titanium alloy (Ti–6Al–
4V) as shown in Table 5.Results and discussion
The surface roughness is a very important response from the
machining process to study the machinability of the material.
On the other hand, the surface roughness value is considered
as a result of tool wear. This is because as tool wear increases,
the surface roughness also increases and directly affected tool
life [17]. From Tables 3 and 5, it is clear to ﬁnd a good agree-
ment in much of the curve trend between the feed cutting forceFig. 3 Feed cutting force mea
Fig. 4 Surface roughness measand surface roughness. Hence, increasing the value of the feed
cutting force led to the increase of the value of surface rough-
ness and vice versa. Fig. 3 shows the values of the feed cutting
force against the different feed rates (f) measured from the
experiments. The feed cutting force started at 85.45 N then
dropped to 64.45 N and then rose again to 128.17 N. The same
curve trend is seen in Fig. 4, which shows the surface rough-
ness measured at different feed rates (f) starting from
0.167 lm then dropping to 0.094 lm and rising to 0.267 lm.
This led to the conclusion that it is possible to predict the curve
trend of surface roughness from the feed cutting force. There-
fore, ﬁnite element modeling (FEM) can predict the feed cut-
ting force in good agreement with the experimental results as
shown in Fig. 5. Then, it can be seen that the lowest value of
the feed cutting force measured is 64.45 N, feed cutting force
predicted from FEM is 64.48 N for the same feed rate (f) of
120 mm/min as shown in Tables 3 and 5. On the other
hand, the value of the surface roughness was 0.094 which is
registered at the feed rate (f) of 120 mm/min, this is the lowestsured at different feed rates.
ured at different feed rates.
Fig. 5 Comparison between experiment and simulation of cutting force components for face-milling on the titanium alloy (Ti–6Al–4V).
268 M.H. Ali et al.experimental value. In this respect, the test results from exper-
iment work and simulation led to the conclusion that the effect
of feed rate on the main cutting force (Fc) was more obvious
than its effect on the feed cutting force (Ft). This is in agree-
ment with earlier ﬁndings by Ezugwu et al. and Seker et al.
[18,19] when they found that increasing the feed rate increases
the main cutting force. The cutting force was found to be the
highest force and the existence of the feed force was affected
by tool geometry and the friction force between the cutting
tool and the work-piece.Conclusion
This paper presents a model developed by using ﬁnite element
modeling (FEM) for predicting surface roughness with feed
cutting force at different feed rates for the face milling process
under dry cutting conditions. It was found that there is good
agreement between the trend of feed cutting force and surface
roughness at different feed rates. Therefore, ﬁnite element
modeling is useful to predict the value of feed cutting force
to control the surface roughness rather than conducting exper-
iments. FEM can lead to reduced machining time and manu-
facturing cost as well. This is because the accuracy of both
values of the cutting force for the experimental and predicted
model was about 97%. It is also found that the main cutting
force gives no indication of surface roughness.Acknowledgements
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